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(54) Vertical-cavity surface-emitting semiconductor laser 



(57) A vertical-cavity surface-emitting semiconduc- 
tor laser has a substrate (1 ). a lower DBR structure por- 
tion (2) having a plurality of layers provided on the sub- 
strate (1 ). a semiconductor burled structure portion (1 0) 
provided over the bwer DBR structure portion (2) having 
at least one layer with buried therein an active layer (6), 
and an upper DBR structure portion (11) having a plu- 
rality of layers provided over the semiconductor buried 
structure portion (10) comprising the active layer. The 
active layer (6), at least one layer arranged over the ac- 
tive layer (6) and at least one layer arranged beneath 
the active layer (6) constitute an optical resonator region 
and each of the layers constituting the optical resonator 
region has an effective refractive index higher than re- 
spective effective refractive indices of other layers In the 
upper and lower DBR structure portions (2, 11) and a 
refractive index of the at least one layer constituting the 
semiconductor buried structure portion (10). 
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O script ion 

[0001] The present invention relates to a process for 
fabricating a vertical -cavity surface-emitting semicon- 
ductor laser, which is useful as an optical source for op- s 
tical interconnection that optically connects chips or 
boards to each other or for conducting two-dimensional 
parallel signal processing, and to a vertical-cavity sur- 
face-emitting semiconductor laser. 

[0002] Vertical-cavity surface-emitting semiconductor io 
lasers, which are easy to construct a two-dimensional 
array and enables high efficient coupling with fibers 
without use of lenses for coupling because of their illu- 
mination pattern being circular, are considered impor- 
tant as an optical soufice for optical interconnection or 
two-dimensional parallel signal processing and also im- 
portant for the purpose of reducing power consumption 
because they permit extreme lowering of threshold cur- 
rent by means of an ultrafine-cavrty structure. 
[0003] Fig. 1 is a cross-sectional view showing a con- 20 
ventionat vertical-cavity surface-emitting semiconduc- 
tor laser along the direction vertical to a crystal face 
thereof (cf. (1) B.-S. Yoo, H.Y. Chu. H.-H. Park, H.G. Lee 
and J. Lee, IEEE Journal of Quantum Electronics, vol. 
33, No. 1 0, 1 997, pp. 1 794-1 800; and (2) C. Chang-Ha- 2S 
snain, YA., Wu, G.S. Li, G. Hasnain, K.D. Choquette, 
C. Caneau and LT. Florez, Applied Physics Letters, vol. 
63, No. 10. 1993. pp. 1307-1309). The laser of Fig. 1 
comprises devices Including a p-GaAs substrate 101, 
which has thereon in order a p-AlyGai.yAs/AI^Gai.^As so 
(0<y<z) distributed Bragg reflector (DBR) mirror 102 
(the dashed portion showing AlzQa^.xAs and the white 
portion showing AlyGa^.yAs), a non-doped AI^GaT.wAs 
lower spacer layer 103, a GaAs/AlxGa^^xAs (x<w) mul- 
tiple quantum well active layer 104, a non-doped 3S 
Al^GaT.,^As upper spacer layer 105, an n-AlyGa^.yAs/ 
AI^Ga-i.^As (0<y<z) DBR mirror 106, a semiconductor 
buried layer 107, a lower electrode 108, an insulator 
1 09. an upper electrode 1 1 0, and an element separating 
structure 111. The respective layers of DBR are set to a 40 
thickness corresponding to one fourth of the quotient ob- 
tained by dividing the lasing wavelength by the refractive 
index of each layer. 

[0004] Among the devices shown in Fig. 1, an Al- 
GaAs/AIGaAs n-i-p-i structure or an amorphous GaAs 45 
layer has been reported as the buried layer 107, each 
exhibiting single transverse mode lasing operation. 
However, the above -described structures do not 
achieve optical constrictk^n due to refractive index opti- 
cal waveguide but are of an anti-guide waveguide struc- so 
ture. Therefore, in principle, a plurality of transverse 
modes can be occurred but not a single transverse 
mode. In this case, higher order transverse modes are 
cut off to achieve a single transverse mode operation by 
utilizing the outer portion of the waveguide having a ss 
higher loss. However, in dynamic characteristics In 
which the carrier density inside the active layer varies 
widely, there arises the problem that an unstable oper- 



ation occurs, that is, higher order modes may emerge 
depending on the carrier density distribution in the active 
layer. 

[0005] A first object of the present invention is to pro- 
vide a vertical-cavity surface-emitting semiconductor la- 
ser which gives single transverse mode operation that 
is dynamically stable as compared with a conventk>nal 
vertical-cavity surface-emitting semiconductor laser. 
[0006] A second object of the present invention is to 
provide a vertical-cavity surface-emitting semiconduc- 
tor laser having a smaller element volume than a con- 
ventional vertical-cavity surface-emitting semiconduc- 
tor laser which provides high speed modulation charac- 
teristics and gives single transverse mode operation 
that is dynamically stable as compared with a conven- 
tional vertical-cavity surface-emitting semiconductor la- 
ser 

[0007] A third object of the present invention is to pro- 
vide a process for fabricating a vertical-cavity surface- 
emitting semiconductor laser of which transverse mode 
is single and dynamically more stable than a conven- 
tional vertical-cavity surface-emitting semiconductor la- 
ser. 

[0008] A fourth object of the present invention is to 
provWe a process tor fabricating a vertical-cavity sur- 
face-emitting semiconductor laser having a smaller el- 
ement volume than a conventional vertical-cavity sur- 
face-emitting semiconductor laser which provides high 
speed modulation characteristics and gives single 
transverse mode operation that is dynamically stable as 
compared with a conventional vertical-cavity surface- 
emitting semk:onductor laser. 

[0009] The above and the other objects, effects, fea- 
tures and advantages of the present invention will be- 
come more apparent from the following description of 
embodiments thereof taken in conjunction with the ac- 
companying drawings. 

Fig. 1 is a cross-sectional view showing a conven- 
tional vertical-cavity surface-emitting semiconduc- 
tor laser; 

Fig. 2 is a cross-sectional view showing a vertical- 
cavity surface-emitting semiconductor laser ele- 
ment according to a first embodiment of the present 
invention along the direction vertical to a plane of 
crystal growth; 

Figs. 3Ato 3F are cross-sectional views Illustrating 
respective steps of a process for fabricating the ver- 
tical-cavity surface-emitting semiconductor laser el- 
ement shown in Fig. 2; 

Fig. 4 is a cross-sectional view showing a vertical- 
cavity surface-emitting semiconductor laser ele- 
ment according to a first embodiment of the present 
invention along the direction vertical to a plane of 
crystal growth; 

Figs. 5A and 5B are graphs illustrating the charac- 
teristics of a vertical-cavity surface-emitting semi- 
conductor laser fabricated by the process for fabri- 
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eating a vertical-cavity surface-emitting semicon- 
ductor laser element according to a first embodi- 
ment of the present invention. Fig. 5A illustrating 
current-vs.-light output characteristics and current- 
vs. -voltage characteristics of the vertical-cavity sur- 
face-emitting semiconductor laser of the present in- 
vention and Fig. 5B illustrating comparison of a far 
field pattern of emission by a vertical-cavity surface- 
emitting semiconductor laser of the present inven- 
tion with that by a conventional vertical-cavity sur- 
face-emitting semiconductor laser; 
Fig. 6 is a cross-sectional view showing a vertical- 
cavity surface-emitting semiconductor laser ele- 
ment according to a second embodiment of the 
present invention along the direction vertical to a 
plane of crystal growth; 

Figs. 7A and 7B are graphs illustrating the charac- 
teristics of a vertical-cavity surface-emitting semi- 
conductor laser fabricated by the process for fabri- 
cating a vertical-cavity surface -emitting semicon- 
ductor laser element according to a second embod- 
iment of the present invention, Fig. 7A illustrating 
current-vs.-light output characteristics and current- 
vs. -voltage characteristics of the vertical-cavity sur- 
face-emitting semiconductor laser of the present in- 
vention and Fig. 73 illustrating comparison of a far 
field pattern of emission by a vertical -cavity surface- 
emitting semiconductor laser of the present inven- 
tion with that by a conventional vertical-cavity sur- 
face-emitting semiconductor laser; 
Fig. 8 is a cross-sectional view showing a vertical- 
cavity surface-emitting semiconductor laser ele- 
ment according to a third embodiment of the 
present invention along the direction vertical to a 
plane of crystal growth; and 
Figs. 9A and 9B are graphs illustrating the charac- 
teristics of a vertical -cavity surface-emitting semi- 
conductor laser fabricated by the process for fabri- 
cating a vertical-cavity surface-emitting semicon- 
ductor laser element according to a third embodi- 
ment of the present invention, Fig. 9A illustrating ca- 
pacitance -vs. -voltage characteristics and Fig. 9B il- 
lustrating modulation response-vs. -modulation fre- 
quency characteristics. 

Fig. 1 0 is a cross-sectional view showing a conven- 
tional vertical-cavity surface-emitting semiconduc- 
tor laser element. 

[0010] Hereafter, the present invention will be de- 
scribed in more detail by embodiments. However, the 
present invention should not be construed as being lim- 
ited thereto. 

<First Embodiment> 

[0011] Fig. 2 is a cross -sectional view of a vertical- 
cavity surface-emitting semiconductor laser element ac- 
cording to a first embodiment of the present invention 



along the direction vertical to a face of crystal growth. 
This structure includes a p-GaAs substrate 1 . which has 
thereon in order a p-AIyGai.yAs/AI^Gai.^As (0<y<z) dis- 
tributed Bragg reflector (DBR) mirror 2 (the dashed por- 
5 tion showing AI^Ga^.^As and the white or non-dashed 
portion showing AlyGaT.yAs), a p-lnGaP etch stop layer 
3, a p-AlyGai.yAs/AlyGai.uAs (0<y<u<z) distributed 
Bragg reflector (DBR) mirror 4 (the dashed portion 
showing AluGai.uAs and the white or non-dashed por- 

10 tion showing AlyGa, .yAs), a non-doped AI^Ga^ .^As low- 
er spacer layer 5, a GaAs/AI^Ga^.^As multiple quantum 
well (MQW) active layer 6, a non-doped Ai^GaT.^As up- 
per spacer layer 7, an n-AlyGa^.^As/AI^Ga^.^As 
(0<y<u<z) DBR mirror 8 (the dashed portion showing 

IS AlyGa^.yAs and the white or non-dashed portion show- 
ing AlyGai.yAs), an n-lnGaP first growth final layer 9, an 
AIGaAs or InGaP semiconductor buried layer (second 
growth layer) 10, an n-AlyGa^.yAs/AI^Ga^.^As (0<y<z) 
DBR mirror (third growth layer) 11 , a lower electrode 1 2, 

20 an insulator 1 3, an upper electrode 1 4, and an element 
separating structure 15. The respective layers of DBR 
are set to a thickness corresponding to one fourth of the 
quotient obtained by dividing the tasing wavelength by 
the refractive index of each layer. 

2S [0012] Figs. 3A to 3F illustrate the steps of crystal 
growth. First growth starts with a p-DBR since it occurs 
on a p-GaAs substrate and continues to form an MQW 
active layer and an n-DBR (or a part thereof) (Fig. 3A). 
Several periods (the thickness corresponding to the 

30 depth in which a mesa is formed in a later step) of low 
refractive Index layer near the active layer of n-DBR and 
p-DBR are made to have an Al content lower than that 
of other DBR portions to form a so-called refractive in- 
dex waveguide, in which the refractive index distribution 

35 after the growth of a current confinement layer is lower 
than that of the optical resonator portion. In addition to 
the composition of AIGaAs having a lower Al content, 
the same effect can be attained by using lnGa(As)P hav- 
ing a refractive index in which an effective refractive in- 

40 dex of the optical resonator region is higher than that of 
the current confinement layer 

[0013] In the periods of the DBR structure near the 
active layer where the Al content is made lower than 
elsewhere is sufficient for exhibiting the effect of optical 

45 confinement when the thickness is larger than the pen- 
etration depth into the DBR. Provision of p-lnGaP in a 
portion of the low refractive index layer of p-DBR Is to 
allow it to be used as an etch stop layer The last layer 
is n -InGaP. Provision of this layer is intended to use a 

so layer which contains no Al and has less adverse influ- 
ence of surface oxidation since when AIGaAs consti- 
tutes a surface on which regrowth occurs, the influence 
of a surtace oxide layer is significant so that higher Al 
content makes it more difficult to obtain a high quality 

55 layer as a regrowth layer. Next, a mesa structure is 
formed using an insulator such as a photo resist, Si02 
or the like (Fig. 3B). For the f ormatton of the mesa struc- 
ture, either of wet etching and dry etching is applicable. 
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The etching is stopped at a depth just above the p-ln- 
GaP etch stop layer in view of an optical monitor or etch- 
ing rate. Thereafter, the surface of p-lnGaP is exposed 
with a selective etchant (Fig. 3C), Using the mask at the 
time of mesa formation as it is as a selective mask for s 
crystal growth, a second growth is conducted to form a 
second growth layer (current confinement layer) (Fig. 
3D (1)). As the current confinement layer, which is a 
semiconductor buried layer, there is used an AIGaAs or 
InGaP layer having a series of doping types of p-n-p- 
n-.... in order. The Al content of the AIGaAs current con- 
finement layer is set to 0.33 or more, for example, when 
the upper and lower OBR's near the active layer are 
made of AIq igGao.asAs/AlQ sGa^.sAs. Since the refrac- 
tive index of InGaP at a wavelength of 0.85 tim is 3.34, 
a refractive index waveguide structure is formed in the 
DBR structure having an Al content not exceeding the 
value as specified above. Alternatively, a high resistivity 
semi-insulator layer is selected as a first layer of re- 
growth. In this case, current confinement is more effec- 
tive. Usually, polycrystal is deposited on the mask as the 
uppermost layer of the mesa, so that the polycrystal on 
the laser resonator portion is removed by etching using 
a photo resist as a mask (Fig. 3E). The removal method 
may be wet etching, dry etching or combination of these. 
Alternatively, it is also effective to carry out regrowth to 
an extent that the height of the step between the mesa 
portion and the portion other than the mesa portton is 
about 1 .OOOA utilizing the tendency that the step is de- 
creased according as the thickness of the grown layer 
increases (Fig. 3D (2)) and then perform etching uni- 
formly by wet etching or dry etching without any mask 
until the mask on the mesa is exposed. If the growth 
condition that polycrystal is not deposited on the mask 
as the uppermost layer of the mesa is used, the process 
can be simplified by omitting the etching step shown in 
Fig. 3E. As the final stage, after the mask over the mesa 
is removed, a third growth is conducted (Fig. 3F) toallow 
n-DBR to grow in periods sufficient for obtaining reflec- 
tivity which satisfies the laser lasing conditions. 
[001 4] Fig. 4 is a cross-sectional view another exam- 
ple of a vertical -cavity surface-emitting semiconductor 
laser element according to the instant embodiment 
along the direction vertical to the face of crystal growth. 
This structure is not so different from that shown in Fig. 
2 but is characterized in that the semiconductor buried 
layer 16 is formed of a single layer. The composition of 
the semiconductor buried layer 16 is AIGaAs or InGaP 
and a metal such as Cr is doped in order to improve high 
resistivity characteristics. Doping of CD^ ions will be more 
effective. 

[0015] Figs. 5 A and 5B illustrate the characteristics of 
the vertical-cavity surface-emitting semiconductor laser 
element shown In Figs. 2 and 4. respectively. Fig. 5A 
illustrates the current-vs. -light output characteristics 
and current-vs. -voltage characteristics. The novel struc- 
ture of the present invention as indicated in solid line 
achieves reduction in series resistance due to an In- 



creased area of the electrode layer as compared with 
the conventional structure as indicated in broken line. 
Since the vertical-cavity surface-emitting semiconduc- 
tor laser of the instant embodiment is not of a structure 
which causes loss for higher order modes like anti-guide 
waveguides but is of a structure which in principle ex- 
cites a single mode only, the emission components from 
the active layer are coupled with the lasing mode effi- 
ciently so that an increase in efficiency can be realized. 
Further, since non-emission recombination on the inter- 
face of the active layer is suppressed, a decrease in 
threshold and a further increase in efficiency are real- 
ized. 

[0016] Fig. 58 is a graph illustrating far field patterns 
(FFP) against different current values. Immediately after 
the lasing, both the conventional structure ((1)) and the 
structure of the invention ((i)) show single-lobe patterns, 
respectively and operate in a fundamental transverse 
mode. With an increase in current, the conventional 
structure is dominated by higher order transverse 
modes having two peaks ((2). (3)) while the structure of 
the invention maintains a single-k>be pattern. 
[0017] While the above explanation concerns the 
structures on a p-GaAs substrate, similar effects can be 
obtained also in the case of the structures on an n-GaAs 
substrate. Although the above description is made on 
the structures including an InGaP etch stop layer but 
similar effects can be obtained also in the structures In- 
cluding an AIGaAs layer having an Al content different 
from that of other DBR portions. The case has been ex- 
plained above where the last layer formed in the first 
growth being made of InGaP, similar effects can be ob- 
tained with an AIGaAs layer having an Al content limited 
to a lower level. Although the above explanation relates 
to AIGaAs/GaAs semiconductors, similar effects can be 
obtained also in InGaAs/GaAs semiconductors. 
[0018] As described above, in the process for fabri- 
cating a vertical-cavity surface-emitting semiconductor 
laser element and a vertical-cavity surface-emitting 
semiconductor laser according to the instant embodi- 
ment, growth up to a DBR (or a part thereof) above an 
active layer in a first growth, formatran of InGaP or a 
composition-controlled AIGaAs current confinement 
layer, i.e., a semiconductor buried layer in a second 
growth so as to form a refractive index waveguide res- 
onator after formation of a mesa structure, and forma- 
tion of remaining DBR structures necessary for complet- 
ing the element, can provide advantageous effects that 
a vertical-cavity surface-emitting semiconductor laser is 
formed which operates in a fundamental mode in a sta- 
ble fashion not only statically but also dynamically and 
which exhibits low threshold current and low series re- 
sistivity and high emission efficiency. 

<Second Embodiment> 

[001 9] Fig. 6 is a cross-sectional view showing a ver- 
tical-cavity surface-emitting semiconductor laser ele- 
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ment according to the instant embodiment along the di- 
rection vertical to a plane of crystal growth. This struc- 
ture includes a p-GaAs substrate 1, which has thereon 
in order a p-AlyGai.yAs/AI^Gai.^As (0<y<z) distributed 
Bragg reflector (DBR) mirror 2 (the dashed portion 
showing AI^Ga^.^As and the white or non-dashed por- 
tion showing AlyGa^.yAs), a p-lnGaP etch stop layer 3. 
a p-AlyGai.yAs/AlyGa^.uAs (0<y<u<2) distributed Bragg 
reflector (DBR) mirror 4 (the dashed portion showing 
AluGai.yAs and the white or non-dashed portion show- 
ing AlyGa^.yAs), a non-doped Al^yGa,.,,^ lower spacer 
layer 5, a GaAs/AI^Ga^.j^As multiple quantum well 
(MQW) active layer 6, a non-doped AI^Gai.^As upper 
spacer layer 7, an n-AlyGai.yAs/AluGa^.uAs (0<y<u<z) 
DBR mirror 8 (the dashed portion showing AI^Ga^.^As 
and the white or non-dashed portion showing 
AlyGai.yAs), an n-AlyGa^.yAs/AI^Ga^.^As (0<y<z) DBR 
mirror 9, an Aly^Ga^.jAs (0<x<w) or InGaP semiconduc- 
tor buried layer 1 0, a lower electrode 11 , an insulator 1 2, 
an upper electrode 13, and an element separating struc- 
ture 14. Of the above-described structures, the layers 
designated by reference numerals 4 to 8 constitute an 
optical resonator portion within which electric field com- 
ponents of light are confined. The respective layers of 
DBR are set to a thickness corresponding to one fourth 
of the quotient obtained by dividing the lasing wave- 
length by the refractive index of each layer. 
[0020] Hereafter, the steps of crystal growth will be 
described. First growth starts with a p-DBR since It oc- 
curs on a p-GaAs substrate and continues to form an 
MQW active layer and an n-DBR. Several periods (the 
thickness corresponding to the depth in which a mesa 
is formed in a later step) of low refractive index layer 
near the active layer of n-DBR and p-DBR are made to 
have an Al content lower than that of other DBR portions 
to form a so-called refractive index waveguide, in which 
the refractive index distribution after the growth of a cur- 
rent confinement layer is lower than that of the optical 
resonator portion. In addition to the composition of Al- 
GaAs having a lower Al content, the same effect can be 
attained by using lnGa(As)P having a refractive index 
in which an effective refractive index of the optical res- 
onator region is higher than that of the current confine- 
ment layer. In the periods of the DBR structure near the 
active layer where the Al content is made lower than 
elsewhere is sufficient for exhibiting the effect of optical 
confinement when the thickness is larger than the pen- 
etration depth into the DBR. p-lnGaP is provided in a 
portion of the low refractive index layer of p-DBR so that 
it can be used as an etch stop layer Provision of this 
layer is also intended to use a layer which contains no 
Al and has less adverse influence of surface oxidation 
since when AIGaAs constitutes a surface on which re- 
growth occurs, the influence of a surface oxide layer is 
significant so that higher Al content makes it more diffi- 
cult to obtain a high quality layer as a regrowth layer Of 
course, if the Al content is as low as about 0.1 to about 
0.2 and oxidation of the surface does not influence se- 



riously on the regrowth of the crystal, then similar effects 
can be expected by use of an AIGaAs layer by selection 
of a suitable etchant in the process step. Next, a mesa 
structure is formed using an insulator such as a photo 
5 resist, SiOg or the like. For the formation of the mesa 
structure, either of wet etching and dry etching is appli- 
cable. The etching is stopped at a depth just above the 
p-lnGaP etch stop layer in view of an optical monitor or 
etching rate. Thereafter, the surface of p-lnGaP is ex- 
10 posed with a selective etchant. Using the mask at the 
time of mesa formation as it is as a selective mask for 
crystal growth, a second growth is conducted to form a 
second growth layer (current confinement layer). As the 
current confinement layer, which is a semiconductor 
15 burled layer, there is used an AIGaAs or InGaP layer 
having a series of doping types of p-n-p-n-..., in order. 
The Al content of the AIGaAs current confinement layer 
is set to 0.33 or more, for example, when the upper and 
lower DBR's near the active layer are made of 
Alo.15Gao.85As/Alo.5Gao.5As. Since the refractive index 
of InGaP at a wavelength of 0.85 |im is 3.34, a refractive 
index waveguide structure is formed in the DBR struc- 
ture having an Al content not exceeding the value as 
specified above. Alternatively, a high resistivity semi-in- 

25 sulator layer Is selected as a first layer of regrowth. In 
this case, current confinement is more effective. In the 
final stage, the removal of the mask over the mesa is 
followed by formation of an insulator, opening of a win- 
dow for flowing current and formation of an electrode, 

30 thus completing the element. 

[0021] Figs. 7 A and 7B illustrate the characteristics of 
the vertical -cavity surface-emitting semiconductor laser 
element shown in Fig. 6. Fig. 7A illustrates the current- 
vs.-light output characteristics and current-vs. -voltage 

35 characteristics. Substantially no difference in resistivity 
of the element is obsen/ed between the conventional 
structure and the structure of the instant embodiment. 
Regarding the threshold current, although the reflectiv- 
ity of DBR can be designed to be the same in the both 

40 structures, the structure of the instant embodiment is not 
of a structure which causes loss for higher order modes 
like anti-guide waveguides but is of a structure which in 
principle excites a single mode only so that a decrease 
in threshold current can be realized and the emission 

45 components from the active layer are coupled with the 
lasing mode efficiently so that an increase in efficiency 
can be realized. Fig. 7B is a graph illustrating far field 
patterns (FFP) against different current values. Imme- 
diately after the lasing, both the conventional structure 

50 ((1 )) and the structure of the invention ((i)) show single- 
lobe patterns, respectively, and operate in a fundamen- 
tal transverse mode. With an increase in current, the 
conventkDnal structure is dominated by higher order 
transverse modes having two lobes ((2), (3)) while the 

55 structure of the Invention maintains a single-lobe pat- 
tem. 

[0022] White the above explanation concerns the 
structures on a p-GaAs substrate, similar effects can be 
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obtained also in the case of the structures on an n-GaAs 
substrate. Although the above description is made on 
the structures including an InGaP etch stop layer but 
similar effects can be obtained also in the structures in- 
cluding an AIGaAs layer having an Al content different 
from that of other DBR portions. The case has been ex- 
plained above where the last layer formed in the first 
growth being made of InGaP. similar effects can be ob- 
tained with an AIGaAs layer having an Ai content limited 
to a lower level. Although the above explanation relates 
to AIGaAs/GaAs semiconductors, similar effects can be 
obtained also in InGaAs/GaAs semiconductors. 
[0023] As described above, in the vertical-cavity sur- 
face-emitting semiconductor laser according to the in- 
stant embodiment, designing the buried layer to have 
an effective refractive index smaller than that of the op- 
tical resonator portion can provide advantageous ef- 
fects that a vertical-cavity surface-emitting semiconduc- 
tor laser is formed which operates in a fundamental 
mode in a stable fashion not only statically but also dy- 
namically and which exhibits low threshold current and 
low series resistivity and high emission efficiency. 

<Third Embodiment> 

[0024] Fig. 8 Is a cross-sectional view showing a ver- 
tical-cavity surface-emitting semiconductor laser ele- 
ment according to the instant embodiment along the di- 
rection vertical to a plane of crystal growth. This struc- 
ture includes a p-GaAs substrate 1 , which has thereon 
in order a p-AlyGa^.yAs/AI^Ga^.^As (0<y<z) distributed 
Bragg reflector (DBR) mirror 2 (the dashed portion 
showing AlzGa^.zAs and the white or non-dashed por- 
tion showing AlyGa^.yAs), a p-lnGaP etch stop layer 3, 
a p-AlyGa^.yAs/Ali^Ga^.uAs (0<y<u<z) distributed Bragg 
reflector (DBR) mirror 4 (the dashed portion showing 
Al^Ga-j.zAs and the white or non-dashed portion show- 
ing AlyGa^.yAs). a non -doped Al^Ga-j.^As lower spacer 
layer 5. a GaAs/AlxGa^.^As multiple quantum well 
(MQW) active layer 6, a non-doped Al^Gai^As upper 
spacer layer 7, an n-AlyGai.yAs/AIuGai.uAs (0<y<u<z) 
DBR mirror 8, an n-lnGaP last layer 9 in first growth, an 
AIGaAs or InGaP semiconductor buried layer (second 
growth layer) 10, an n-AlyGa^.yAs/AI^Ga^.^As (0<y<z) 
DBR mirror (third growth layer) 11 . a lower electrode 1 2, 
an insulator 1 3, an upper electrode 1 4, and an element 
separating structure 15. The respective layers of DBR 
are set to a thicl^ness corresponding to one fourth of the 
quotient obtained by dividing the lasing wavelength by 
the refractive index of each layer. 
[0025] Here, the process steps of fabrication of the 
structure will be described. Formation of the structure 
shown In Fig. 8 is roughly divided into 3 stages of growth. 
First growth starts with a b-DBR on a p-GaAs substrate 
and continues to form an MQW active layer and an n- 
DBR (or a part thereof) (corresponding to the structures 
2 to 9 in Fig. 8). Several periods (the thickness corre- 
sponding to the depth in which a mesa is formed In a 



later step) of low refractive index layer near the active 
layer of n-DBR and p-DBR are made to have an Al con- 
tent lower than that of other DBR portions to form a so- 
called refractive index waveguide, in which the refrac- 
5 tive index distribution after the growth of a current con- 
finement layer is lower than that of the optical resonator 
portion. 

[0026] p-inGaP is provided in a portion of the low re- 
fractive index layer of p-DBR so that It can be used as 
10 an etch stop layer The last layer is made of n-lnGaP. 
Provision of this layer is intended to use a layer which 
contains no Al and has less adverse influence of surface 
oxidation since when AIGaAs constitutes a surface on 
which regrowth occurs, the influence of a surface oxide 
IS layer is significant so that higher Al content nrtakes it 
more difficult to obtain a high quality layer as a regrowth 
layer. Of course, if the Al content is as low as about 0.1 
to about 0.2 and oxidation of the surface does not influ- 
ence seriously on the regrowth of the crystal, then sim- 
20 iiar effects can be expected by use of an AIGaAs layer 
by selection of a suitable etchant in the process step. 
Next, a mesa structure is formed using an insulator such 
as a photo resist, SiOa or the like. For the formation of 
the mesa structure, either of wet etching and dry etching 
2S is applicable. The etching is stopped at a depth just 
above the p-lnGaP etch stop layer in view of an optical 
monitor or etching rate. Thereafter, the surface of p-ln- 
GaP is exposed with a selective etchant. Using the mask 
at the time of mesa formation as it is as a selective mask 
30 for crystal growth, a second growth is conducted to form 
a second growth layer (current confinement layer, cor- 
responding to the structure 10). 
[0027] On this occasion, the thickness of growth in a 
flat portion is purposely set to be lower than the height 
35 of the mesa. Then, the mesa is convex with respect to 
the current confinement layer Regrowth of the crystal 
on this shape will generate a transient region 16 which 
grows at a high rate. Since the flow rate of the dopant 
upon growth is constant, the region where the growth 
40 rate is h igh has a lower doping concentration than in oth- 
er regions, which can be reduced to one second or one 
third by setting the film thickness of the current confine- 
ment layer. The resistance in the thickness direction of 
a semiconductor DBR is sensitive to the doping concen- 
ts tration and a difference In resistivity by one digit or more 
can be obtained by the variation In the above-described 
doping concentration. When voltage is applied across 
the upper and lower electrodes In forward direction, 
electric fields is effectively concentrated inside the fran- 
co sient region having a high resistivity. Therefore, the con- 
tribution of the outer porttohs of the electrodes to the 
capacitance of the element is decreased. Since the area 
of the electrodes remains to be larger than that occupied 
by the mesa, the resistivity of the element does not In- 
55 crease greatly. Putting together, the element of the in- 
stant embodiment has a decreased CR time constant 
as compared with the conventional structure, thus ex- 
hibiting an improvement in high rate modulation charac- 
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teristics. 

[0028] As the current confinement layer, which is a 
semiconductor buried layer, there is used an AIGaAs or 
InGaP layer having a series of doping types of n-p-n- 
p-.... in order. Alternatively, a high resistivity semi-insu- 
lator layer is selected as a first layer of regrowth. In this 
case, current confinement is more effective. Usually, 
polycrystal Is deposited on the mask as the uppermost 
layer of the mesa, so that the polycrystal on the laser 
resonator portion Is removed by etching using a photo 
resist as a mask (Fig. 3E). The removal method may be 
wet etching, dry etching or combination of these. If the 
growth condition that polycrystal is not deposited on the 
mask as the uppermost layer of the mesa is used, the 
process can be simplified by omitting the etching step 
shown in Fig. 3E. In the final stage, after the removal of 
the mask over the mesa, a third growth Is conducted 
(corresponding to the structure 11 ) to grow n-DBR in pe- 
riods enough to satisfy the lasing conditions. 
[0029] Figs. 9A and 9B illustrate the characteristics of 
the vertical-cavity surface-emitting semiconductor laser 
element shown in Fig. 8. Fig. 9A illustrates the capaci- 
tance-vs. -voltage characteristics. In the figure, the 
present embodiment Is shown in solid line, the first em- 
bodiment or the conventional structure of Fig. 10 is 
shown In broken line. The conventional one is of K. L. 
Lear, et al. Electronics Letters, vol. 32, No. 5, pp. 
457-458, 1996. 

[0030] Fig. 9B is a graph illustrating modulation char- 
acteristics. It illustrates how the modulatk>n character- 
istics are improved by the effect of reduction in the ca- 
pacitance of the element as illustrated in Fig. 9A. 
[0031] As described above, this embodiment takes 
the refractive Index waveguide structure as an example. 
In this embodiment, however, another structure can also 
effects on a decrease in the capacitance of the element. 
[0032] While the above explanation concerns the 
structures on a p-GaAs substrate, similar effects can be 
obtained also in the case of the structures on an n-GaAs 
substrate. Although the above explanation relates to Al- 
GaAs/GaAs semiconductors, similar effects can be ob- 
tained also in InGaAs/GaAs semiconductors, 
[0033] As described above, In the vertical-cavity sur- 
face-emitting semiconductor laser of the Instant embod- 
iment, growth up to a DBR (or a part thereof) above an 
active layer in a first growth, formation of a transient re- 
gion having a high resistivity outside a mesa by setting 
the thickness of a current confinement layer formed in 
a second growth after the fonnation of the mesa to be 
lower than the height of the mesa, and formation of re- 
maining DBR structures necessary for completing the 
element In a third growth can provide advantageous ef- 
fects that a vertical-cavity surface-emitting semiconduc- 
tor laser Is formed which has a decreased capacitance 
without deteriorating the resistivity of the element sub- 
stantially and which is improved in high speed tTKxJuta- 
tion. 

[0034] The present invention has been described in 



detail with respect to preferred embodiments, and it will 
now be apparent from the foregoing to those skilled in 
the art that changes and modifications may be made 
without departing from the invention in its broader as- 

5 pects, and it is the intention, therefore, in the appended 
claims to cover all such changes and modifications as 
fall within the true spirit of the invention. 
[0035] A vertical-cavity surface-emitting semiconduc- 
tor laser has a substrate (1 ), a lower DBR structure por- 

70 tion (2) having a plurality of layers provided on the sub- 
strate (1 ), a semiconductor buried structure portion (10) 
provided over the lower DBR structure portion (2) having 
at least one layer with buried therein an active layer (6), 
and an upper DBR structure portion (11) having a plu- 

15 rality of layers provided over the semiconductor buried 
structure portion (10) comprising the active layer. The 
active layer (6), at least one layer arranged over the ac- 
tive layer (6) and at least one layer arranged beneath 
the active layer (6) constitute an optical resonator region 

20 and each of the layers constituting the optical resonator 
region has an effective refractive index higher than re- 
spective effective refractive indices of other layers in the 
upper and lower DBR structure portions (2, 11) and a 
refractive index of the at least one layer constituting the 

25 semiconductor buried structure portion (10). 
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A vertical-cavity surface-emitting semiconductor la- 
ser characterized by comprising: 

a substrate; 

a lower DBR structure portion having a plurality 
of layers provided on said substrate; 
a semiconductor buried structure portion pro- 
vided over said lower DBR structure portion 
having at least one layer having buried therein 
an active layer; and 

an upper DBR structure portion having a plural- 
ity of layers provided over said active layer; 
wherein said active layer, at least one layer ar- 
ranged over said active layer and at least one 
layer arranged beneath said active layer con- 
stitute an optical resonator region, each of said 
layers constituting said optical resonator region 
having an effective refractive index higher than 
respective effective refractive indices of other 
layers in said upper and lower DBR structure 
portions and a refractive index of said at least 
one layer constituting said semiconductor bur- 
led structure portion. 

The vertical-cavity surface-emitting semiconductor 
laser as claimed in claim 1 . 
characterized in that said semiconductor buried 
structure portion comprises one selected from an n- 
p repeated laminate structure and a p-n repeated 
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laminate structure. 

3. The vertical-cavity surface-emitting semiconductor 
as claimed in claim 1 . characterized in that 

a resistance of said upper DBR structure por- s 
tion over said semiconductor buried structure por- 
tion is higher than a resistance of said upper DBR 
structure portion over said active layer. 

4. The vertical-cavity surface-emitting semiconductor io 
laser as claimed in claim 1 , characterized in that 
said semiconductor buried structure portion com- 
prises one selected from the group consisting of a 
semi-insulating-n-p repeated laminate structure 
and a seml-insulating-p-n repeated laminate struc- is 
ture. 

5. The vertical-cavity surface-emitting semiconductor 
laser as claimed in claim 1 , characterized in that 
said semiconductor buried structure portion con- 
sists of a seml-insulator layer. 

6. The vertical-cavity surface-emitting semiconductor 
laser as claimed in claim 1 , characterized In that 
said semiconductor buried structure portion com- 2S 
prises a layer doped with an ion. 



7. The vertical-cavity surface-emitting semiconductor 
laser as claimed in claim 1, characterized in that 
said semiconductor buried structure portion com- 
prises AlGaAs having an effective refractive index 
lower than that of said optical resonator region. 

8. The vertical-cavity surface-emitting semiconductor 
laser as claimed In claim 1, characterized in that 
said semiconductor buried structure portion com- 
prises InGaP having an effective refractive index 
lower than that of said optical resonator region. 

9. The vertical-cavity surface-emitting semiconductor 
laser as claimed in claim 1, characterized in that 
said lower DBR structure portion has at least one 

layer comprising InGaP having an effective refrac- 
tive index lower than that of said optical resonator 
region. 

10. A vertical-cavity surface-emitting semiconductor la- 
ser characterized by comprising: 

a substrate; 

a tower DBR structure portion having a plurality 
of layers provided on said substrate; 
a semiconductor buried structure portion pro- 
vided over said lower DBR structure portion 
having at least one layer having buried therein 
an active layer; and 

an upper DBR structure portion having a plural- 
ity of layers provided over said semiconductor 



buried structure portion comprising said active 
layer; 

wherein said active layer, at least one layer ar- 
ranged over said active layer and at least one 
layer arranged beneath said active layer con- 
stitute an optical resonator region, each of said 
layers constituting said optical resonator region 
having an effective refractive index higher than 
respective effective refractive indices of other 
layers in said upper and lower DBR structure 
portions and a refractive index of said at least 
one layer constituting said semiconductor bur- 
ied structure portion. 

11. The vertical-cavity surface-emitting semiconductor 
laser as claimed in claim 10, characterized in that 
said semiconductor buried structure portion com- 
prises one selected from an n-p repeated laminate 
structure and a p-n repeated laminate structure. 

12. The vertical-cavity surface-emitting semiconductor 
laser as claimed in claim 10, characterized In that 
said semiconductor buried structure portion com- 
prises one selected from the group consisting of a 
semi-insulating-n-p repeated laminate structure 
and a semi-insulating-p-n repeated laminate struc- 
ture. 

13. The vertical-cavity surface-emitting semiconductor 
30 laser as claimed in claim 10, characterized in that 

said semiconductor buried structure portion con- 
sists of a seml-insulator layer. 

14. The vertical-cavity surface-emitting semiconductor 
35 laser as claimed in claim 10, characterized in that 

said semiconductor buried structure portion com- 
prises a layer doped with an ion. 

15. The vertical-cavity surface-emitting semiconductor 
40 laser as claimed in claim 10, characterized in that 

said semiconductor burled structure portion com- 
prises AlGaAs having an effective refractive index 
lower than that of said optical resonator region. 

45 16. The vertical-cavity surface-emitting semiconductor 
laser as claimed in claim 10, characterized in that 
said semiconductor buried structure portion com- 
prises InGaP having an effective refractive index 
lower than that of said optical resonator region. 

so 

17. The vertical-cavity surface-emitting semiconductor 
laser as claimed in claim 10, characterized in that 
said lower DBR structure portion has at least one 
layer comprising InGaP having an effective refrac- 

55 tive index lower than that of said optical resonator 
region. 

18. The vertical-cavity surface-emitting semiconductor 
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laser as ciatmed in claim 10, characterized in that 
said lower DBR structure portion has a last layer 
consisting of InGaP. 

19. A vertical-cavity surface-emitting semiconductor la- 5 
ser characterized by comprising: 

a substrate; 

a lower DBR structure portion having a plurality 
of layers provided on said substrate; io 
a semiconductor buried structure portion pro- 
vided over said lower DBR structure portion 
having at least one layer having buried therein 
an active layer; and 

an upper DBR structure portion having a plural- ?5 
ity of layers provided over said semiconductor 
buried structure portion comprising said active 
layer; 

wherein said active layer, at least one layer ar- 
ranged over said active layer and at least one 20 
layer arranged beneath said active layer con- 
stitute an optical resonator region, each of said 
layers constituting said optical resonator region 
having an effective refractive index higher than 
respective effective refractive indices of other 2S 
layers in said upper and lower DBR structure 
portions and a refractive index of said at least 
one layer constituting said semiconductor bur- 
ied structure portion, and 

a resistance of said upper DBR structure por- 30 
tion over said semiconductor buried structure 
portion is higher than a resistance of said upper 
DBR structure portion over said active layer. 

20. The vertical-cavity surface-emitting semiconductor 3S 
laser as claimed In claim 1 9, characterized in that 
said semiconductor buried structure portion com- 
prises one selected from an n-p repeated laminate 
structure and a p-n repeated laminate structure. 

40 

21. The vertical-cavity surface-emitting semiconductor 
laser as claimed in claim 19, characterized in that 
said semiconductor buried structure portion com- 
prises one selected from the group consisting of a 
semi-insulating-n-p repeated laminate structure ^5 
and a semi-insulating-p-n repeated laminate struc- 
ture. 

22. The vertical-cavity surface-emitting semiconductor 
laser as claimed in claim 19, characterized in that so 
said semiconductor buried structure portion con- 
sists of a semi-insulator layer. 

23. The vertical-cavity surface-emitting semiconductor 
laser as claimed in claim 19, characterized in that ss 
said semiconductor buried structure portion com- 
prises a layer doped with an Ion. 



24. The vertical-cavity surface-emitting semiconductor 
laser as claimed in claim 1 9, characterized in that 
said semiconductor buried structure portion com- 
prises AIGaAs having an effective refractive index 
lower than that of said optical resonator region. 

25. The vertical-cavity surface-emitting semiconductor 
laser as claimed in claim 19, characterized in that 
said semiconductor buried structure portion com- 
prises InGaP having an effective refractive index 
lower than that of said optical resonator region. 

26. The vertical-cavity surface-emitting semiconductor 
laser as claimed In claim 19, characterized in that 
said lower DBR structure portion has at least one 
layer comprising InGaP having an effective refrac- 
tive index lower than that of said optical resonator 
region. 

27. The vertical-cavity surface-emitting semiconductor 
laser as claimed in claim 1 9, characterized in that 
said lower DBR structure portion has a last layer 

consisting of InGaP. 

28. A process for fabricating a vertical-cavity surface- 
emitting semiconductor laser, comprising a sub- 
strate; a lower DBR structure portion comprising a 
plurality of layers provided on said substrate; a sem- 
iconductor buried structure portion provided over 
said lower DBR structure portion comprising at least 
one layer having buried therein an active layer; an 
upper DBR structure portion comprising a plurality 
of layers provided over said semiconductor burled 
structure portion comprising said active layer; said 
process characterized by comprising: 

a first growth step of growing on said substrate 
said lower DBR structure portion to said active 
layer or a part of said upper DBR structure por- 
tion; 

a step of etching to a lower portion of said active 
layer to form a mesa structure portion; 
a second growth step of forming a semiconduc- 
tor buried structure portion to bury said active 
layer therein; and 

a third growth step of regrowing said upper 
DBR structure portion on said semiconductor 
buried structure portion; 
wherein said active layer, at least one layer 
over said active layer and at least one layer be- 
neath said active layer constitute an optical res- 
onator region and wherein composition of a 
mixed crystal is controlled so that each of said 
layers constituting said optical resonator region 
has an effective refractive index higher than re- 
spective effective refractive indices of other lay- 
ers in said upper and lower DBR structure por- 
tions and a refractive index of said at least one 
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layer constituting said semiconductor buried 
structure portion. 

29. The process for fabricating a vertical-cavity surface- 
emitting semiconductor laser as claimed in claim s 
28, cliaracterized in that said semiconductor buried 
structure portion has a thickness smaller than a 
height of said mesa structure portion. 

30. The process for fabricating a vertical-cavity surface- io 
emitting semiconductor laser as claimed in claim 

28. characterized in that said semiconductor buried 
structure portion comprises one selected from an n- 
p repeated laminate structure and a p-n repeated 
laminate structure. 

31 . The process for fabricating a vertical-cavity surface- 
emitting semiconductor laser as claimed in claim 
28, characterized in that said semiconductor buried 
structure portion is provided as a structure prepared 20 
by laminating one selected from the group consist- 
ing of a semi-insulating-n-p repeated laminate 
structure and a semi-insulating-p-n repeated lami- 
nate structure. 

25 

32. The process for fabricating a vertical-cavity surface- 
emitting semiconductor laser as claimed in claim 
28, characterized in that said semiconductor buried 
structure portion consists of a semi-insulator layer 

30 

33. The process for fabricating a vertical-cavity surface- 
emitting semiconductor laser as claimed In claim 
28, characterized in that said semiconductor buried 
structure portion comprises a layer doped with an 

ion. ^ 

34. The process for fabricating a vertical-cavity surface- 
emitting semiconductor laser as claimed in claim 
28. characterized in that said semiconductor buried 
structure portion comprises AIGaAs having an ef- 40 
fective refractive index lower than that of said opti- 
cal resonator region. 

35. The process for fabricating a vertical-cavity surface- 
emitting semiconductor laser as claimed In claim 
28, characterized In that said semiconductor buried 
structure portion comprises InGaP having an effec- 
tive refractive index lower than that of said optical 
resonator region. 

so 

36. The process for fabricating a vertical-cavity surtace- 
emitting semiconductor laser as claimed in. claim 
28, characterized in that said lower DBR structure 
portion has at least one layer comprising InGaP 
having an effective refractive index lower than that 55 
of said optical resonator region. 

37. The process for fabricating a vertical-cavity surface- 



emitting semiconductor laser as claimed in claim 
28, characterized in that in said first growth step, 
said lower DBR structure includes a last layer con- 
sisting of InGaP. 

38. A process for fabricating a vertical-cavity surface- 
emitting semiconductor laser, comprising a sub- 
strate; a lower DBR structure portion comprising a 
plurality of layers provided on said substrate; a sem- 
iconductor burled structure portion provided over 
said lower DBR structure portion comprising at least 
one layer having buried therein an active layer; an 
upper DBR structure portion comprising a plurality 
of layers provided over said semiconductor burled 
structure portion comprising said active layer; said 
process characterized by comprising: 

a first growth step of growing on said substrate 
said lower DBR structure portion to said active 
layer or a part of said upper DBR structure por- 
tion; 

a step of etching to a lower portion of said active 
layer to fomn a mesa structure portion; 
a second growth step of forming a semiconduc- 
tor buried structure portion to bury said active 
layer therein; and 

a third growth step of reg rowing said upper 
DBR structure portion on said semiconductor 
buried structure portion; 
wherein said active layer, at least one layer 
over said active layer and at least one layer be- 
neath said active layer constitute an optical res- 
onator region and wherein composition of a 
mixed crystal is controlled so that each of said 
layers constituting said optical resonator region 
has an effective refractive index higher than re- 
spective effective refractive indices of other lay- 
ers in said upper and lower DBR structure por- 
tions and a refractive Index of said at least one 
layer constituting said semiconductor buried 
structure portion, and 

a resistance of said upper DBR structure por- 
tion over said semiconductor buried structure 
portion is higher than a resistance of said upper 
DBR structure portion over said active layer. 

39. The process for fabricating a vertical<avity surface- 
emitting semiconductor laser as claimed in claim 
38. characterized In that said semiconductor buried 
structure portion has a thickness smaller than a 
height of said mesa structure portion. 

40. The process for fabricating a vertical-cavity surface- 
emitting semiconductor laser as claimed in claim 
38, characterized in that said semiconductor buried 
structure portion comprises one selected from an n- 
p repeated laminate structure and a p-n repeated 
laminate structure. 
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41 . The process for fabricating a vertical-cavity surface- 
emitting semiconductor laser as claimed in claim 
38, characterized in that said semiconductor buried 
structure portion is provided as a structure prepared 

by laminating one selected from the group consist- s 
ing of a semi-insulating-n-p repeated laminate 
structure and a semi-rnsulating-p-n repeated lami- 
nate structure. 

42. The process for fabricating a vertical-cavity surface- io 
emitting semiconductor laser as claimed in claim 

38, characterized in that said semiconductor buried 
structure portion consists of a semi-insulator layer. 

43. The process for fabricating a vertical-cavity surface- is 
emitting semiconductor laser as claimed in claim 

38. characterized in that said semiconductor buried 
structure portion comprises a layer doped with an 
ion. 

20 

44. The process for fabricating a vertical-cavity surface- 
emitting semiconductor laser as claimed in claim 
38, characterized in that said semiconductor buried 
structure portion comprises AIGaAs having an ef- 
fective refractive index lower than that of said opti- 2S 
cal resonator region. 

45. The process for fabricating a vertical-cavity surface- 
emitting semiconductor laser as claimed in claim 

38, characterized in that said semiconductor buried 30 
structure portion comprises InGaP having an effec- 
tive refractive index lower than that of said optical 
resonator region. 

46. The process for fabricating a vertical-cavity surface- 3S 
emitting semiconductor laser as claimed in claim 

38, characterized in that said lower DBR structure 
portion has at least one layer comprising InGaP 
having an effective refractive index lower than that 
of said optical resonator region. 40 

47. The process for fabricating a vertical-cavity surface- 
emitting semiconductor laser as claimed in claim 
38, characterized in that in said first growth step, 
said lower DBR structure includes a last layer con- ^ 
sisting of InGaP. 

48. A vertical-cavity surface-emitting semiconductor la- 
ser fabricated by a process as claimed in any one 

of claims 28 to 47. so 
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